The incidence of Acanthamoeba keratitis, a disease associated with contact lens wear, has been in apparent decline with the advent of multipurpose contact lens solutions. The concentrations of the biguanides chlorhexidine digluconate (CHX) and particularly polyhexamethylene biguanide (PHMB) included in multipurpose solutions (MPSs) are sublethal for amoebae. We evaluated by flow cytometry the effects of these two biguanides on phagocytosis of particles and the survival of trophozoites of Acanthamoeba castellanii and A. polyphaga. Trophozoites of A. castellanii and A. polyphaga (10 6 /ml) were exposed to solutions of 5 and 50 g of PHMB and CHX per ml in the presence and absence of particles (i.e., heat-killed yeasts and bacteria and latex beads). In addition, trophozoites were exposed to particles treated with these concentrations of the two biguanides. In the absence of particles, trophozoites of A. polyphaga appeared to be more resistant to the biguanides than those of A. castellanii. In the presence of particles, the rates of survival of both species were decreased. In most instances, particles treated with sublethal concentrations of both biguanides that were adsorbed onto the particles reduced the incidence of phagocytosis. Particles present in MPSs in contact lens cases may be involved in the decreased incidence of Acanthamoeba keratitis.
Acanthamoeba spp. are ubiquitous in aquatic habitats and colonize biofilms in swimming pools, hot tubs, domestic water taps, eyewash stations, contact lens disinfecting solutions, and air-conditioning systems in buildings and automobiles (2, 8, 34, 39, 40, 43, 48) . The trophozoite is the active motile stage that feeds by phagocytosis and pinocytosis and divides by binary fission. A cyst stage is resistant to adverse environmental conditions such as desiccation (34) , extreme temperatures (7) , and antimicrobials (9, 32) .
Acanthamoeba spp. may cause chronic granulomatous amoebic menigoencephalitis in immunocompromised individuals (27, 54, 58) , but the clinical associations of the genus are mostly with keratitis (2, 4, 17, 28, 37, 41) . Acanthamoeba keratitis is a rare disease that occurs most commonly among otherwise healthy individuals and seems to be associated with minor trauma to the eye and the use of contact lenses. The species detected in patients with keratitis, in order of decreasing frequency, are Acanthamoeba castellanii, A. polyphaga, A. rhysodes, A. culbertsoni, A. hatchetti, and A. griffini (2, 23, 27, 51, 58) . Whether cysts or trophozoites, or both, are responsible for keratitis is unclear (2, 33) . Primary contamination of the lens care system, particularly with gram-negative bacteria, seems to be a prerequisite for the establishment of infectious populations of Acanthamoeba (12) . Approximately 50% of contact lens wearers have contaminating microorganisms in their contact lens cases at some time during their use of contact lenses (59) . The bacteria that adhere to the surfaces of the lenses provide a substratum that facilitates the attachment, survival, and growth of Acanthamoeba spp., thus increasing the risk of Acanthamoeba keratitis (24, 25) . The binding of Acanthamoeba spp. to unworn hydrogel lenses has also been related to water content, surface tensions, and the ionic charge of the lens (46) .
Trophozoites of amoebae utilize various microorganisms, particularly gram-negative bacteria and yeasts, as nutrient sources (26, 45, 49, 57) . Castellani (16) was the first to report the growth of Acanthamoeba in the presence of Cryptococcus pararoseus and Bacillus spp. Viable cells of Candida famata, Candida parapsilosis, Saccharomyces cerevisiae, and Cryptococcus neoformans are known to support the growth of A. castellanii (3, 10, 14, 42) . Weekers et al. (56) found that the nonpigmented members of the family Enterobacteriaceae Escherichia coli and Klebsiella aerogenes appeared to be better food sources for A. castellanii, A. polyphaga, and Hartmanella vermiformis than the other indigenous soil bacteria tested. Wang and Ahearn (55) reported that the optimal ratio between bacteria and A. castellanii ranged from 10:1 to 1:1; however, densities of various bacteria to amoebae of 100:1 or greater in enrichment broth inhibited the growth and survival of A. castellanii. Amoebae also ingest silica, carbon particles, and latex beads. Uptake of beads is optimal at 30 to 35°C and is proportional to the concentration of beads and the incubation time. The internalization process involves the binding and accumulation of the beads at the cell surface until an optimum volume of beads is reached, at which time the beads are ingested until phagocytosis becomes saturated (3, 6, 11, 36, 57) . Avery et al. (5) demonstrated that plasma membrane fluidity plays an important role in the phagocytic activity of A. castellanii. Increases in the unsaturation of membrane fatty acids that follow chilling of A. castellanii at 15°C coincide with increases in phagocytosis. In Acanthamoeba, bacteria are internalized in mass or individually and are then grouped in one vacuole. A phagolysosome is produced after vacuole fusion with a lysosome, and then acid pH and lysosomal enzymes lyse the internalized bacteria (21) .
Of the many antimicrobials tested against Acanthamoeba spp. (12, 13, 18, 32, 38, 44, 47) , the biguanides chlorhexi-dine digluconate (CHX) and polyhexamethylene biguanide (PHMB) appear to be the most effective. Various multipurpose contact lens solutions include PHMB at concentrations from 0.5 (0.00005%) to 5 g/ml (0.0005%) (15, 35) . These concentrations are significantly lower than the MIC of PHMB necessary to kill 10 5 cysts of Acanthamoeba spp. per ml. Minimal amoebicidal concentrations of PHMB and CHX for 10 5 trophozoites/ml range from 50 to 100 g/ml after 24 h of exposure and are as low as 25 g/ml after 72 h of exposure (22, 53) . On the basis of the prevention of plaque formation on lawns of E. coli, Khunkitti et al. (29) reported that the minimal biocidal concentrations of CHX and PHMB for A. castellanii were 12.5 and 25 g/ml for trophozoites and cysts, respectively. The overall disinfectant formulation, not the concentration of the inhibitor(s) such as the biguanides, determines the antimicrobial efficacy of a contact lens solution. Even so, the complete eradication of amoebae (10 4 to 10 6 cells) from current contact lens systems on the basis of the potency of the disinfectant against Acanthamoeba, particularly cysts, appears to be unlikely. Nevertheless, the subsidence of amoebic keratitis in Great Britain appears to have coincided with the greater use of multipurpose lens solutions with sublethal concentrations of inhibitors (52) .
We undertook this study to determine whether the presence of particles including contaminating bacteria or yeasts would enhance the susceptibilities of Acanthamoeba spp. to biguanides. We evaluated the effects of sublethal levels of PHMB and CHX on phagocytosis and survival of selected Acanthamoeba spp. in the presence of various microorganisms and polystyrene latex beads by flow cytometry (FCM).
MATERIALS AND METHODS
Culture maintenance and growth. Acanthamoeba spp. were obtained from the American Type Culture Collection (ATCC; Manassas, Va.). Working cultures of A. castellanii ATCC 30234 and A. polyphaga ATCC 30461 were maintained in a modified peptone glucose yeast extract medium (PYG). PYG contained 2.0% (wt/vol) proteose peptone (Difco Laboratories, Detroit, Mich.), 0.1% (wt/vol) yeast extract (Difco), and 1.8% (wt/vol) glucose (47) . Subcultures were prepared weekly and maintained in PYG at 25°C with rotary aeration at 135 rpm. For the preparation of inocula, the medium (250 ml in 500-ml flasks) was inoculated with trophozoites from 48-h cultures to give an initial cell density of approximately 1.5 ϫ 10 5 to 2 ϫ 10 5 /ml, and the mixture was incubated at 30°C on a rotary shaker at 135 rpm for 24 h. Trophozoites were pelleted by centrifugation at 750 ϫ g and suspended in filter-sterilized phosphate-buffered saline (PBS; pH 7.4; Gibco BRL, Life Technologies, Gaithersburg, Md.) or 0.9% NaCl to a concentration of 2 ϫ 10 6 /ml (at least 90% viable trophozoites), as determined from cell counts determined in a 0.1-ml hemacytometer counting chamber (Hausser Scientific Inc., Horsham, Pa.). C. albicans ATCC 10231 was maintained on Sabouraud dextrose agar (Difco) slants at 5°C. Working cultures were developed by transferring a loopful of the stock culture to 250-ml flasks containing 125 ml of Sabouraud dextrose broth (Difco). Cultures of C. albicans were incubated at 37°C on a rotary shaker at 135 rpm. The C. albicans yeasts were harvested by centrifugation at 3,000 ϫ g, and the pellet was suspended in PBS. The broth cultures of C. albicans were filtered through a 5-m-pore-size Isopore polycarbonate membrane filter (Millipore Corp., Bedford, Mass.). Yeasts less than 5 m in size were used in the phagocytosis assays. Yeasts were killed by exposing them to heat at 80°C for 15 min and were centrifuged at 3,000 ϫ g, and the pellet was suspended in 0.1 M NaHCO 3 to a concentration of 2 ϫ 10 8 /ml. E. coli ATCC 
The trophozoite concentration was 2 ϫ 10 6 /ml (n ϭ 3). b Bead:trophozoite ratio, 100:1; yeast:trophozoite ratio, 10:1; and bacteria: trophozoite ratio, 10:1.
c The number of internalized beads was calculated by determining the difference between the number of beads bound to trophozoites in the presence of sodium azide and the number of beads bound and internalized in PBS.
d Calculated as (number of trophozoites with internalized fluorescently labeled particles/total number of trophozoites) ϫ 100.
e ND, not determined. 6418 was maintained on tryptic soy agar (Difco) slants at 5°C and subcultured monthly on tryptic soy agar. Working cultures were prepared in 250-ml flasks containing 125 ml of tryptic soy broth (Difco) at 37°C for 18 h on a rotary shaker at 150 rpm. The bacteria were harvested by centrifugation at 3,000 ϫ g and suspended in PBS. The bacteria were killed by exposing them to heat at 80°C for 10 min and were resuspended in 0.1 M NaHCO 3 to optical densities corresponding to concentrations of 2 ϫ 10 8 CFU/ml. Fluorescent staining of yeasts and bacteria. Viable and heat-killed yeasts and bacteria (density, 2 ϫ 10 8 /ml) were stained with 0.1 mg of fluorescein isothiocyanate (FITC; Sigma Chemical Co., St. Louis, Mo.) per ml in 0.1 M NaHCO 3 (pH 9.0) at 25°C for 2 to 4 h for the phagocytosis assays (20) . Labeling uniformity and any loss of fluorescence from the labeled microorganisms were measured by FCM at up to 24 h after labeling. The maximal fluorescence labeling of heatkilled yeasts or bacteria with FITC was obtained with a minimum incubation time of 3 h at 37°C. The fluorescence from labeled cells was stable by storage at 5°C in the dark for up to 2 weeks. All phagocytosis assays were conducted in the dark to prevent photo bleaching of labeled cells that were no more than 1 week old.
Phagocytosis of particles. Procedures for determination of the rates of phagocytosis by trophozoites of Acanthamoeba spp. with fluorescence-labeled particles were adapted from those of Avery et al. (6) . Fluoresbrite YG polystyrene latex microspheres (designed to match FITC filter settings of a maximum excitation wavelength of 458 nm and a maximum emission wavelength of 540 nm) were obtained from Polysciences Inc. (Warrington, Pa.). One-micrometer-diameter YG beads (300 l; density, 2 ϫ 10 8 /ml) were added to 2.7 ml of a cell suspension in PBS containing at least 90% viable trophozoites of Acanthamoeba (2 ϫ 10 6 /ml) in a 50-ml flask. We used a bead-to-amoeba ratio of 100:1 in shake cultures at 150 rpm for 60 min at 30°C. After 10-min periods of incubation, 1.0 ml of the cell suspension was diluted 10-fold with cold (4°C) mannitol buffer (100 mM mannitol, 15 mM NaH 2 PO 4 [pH 7.2]) and the suspensions were centrifuged at 750 ϫ g for 5 min. Centrifugation separated trophozoites with associated beads (i.e., trophozoites with bound and internalized beads) from unbound beads. The mean number of beads bound to trophozoites was obtained from fluorescence histograms of amoebae and beads incubated in PBS containing 12.5 mM sodium azide. The maximal internalization of beads by trophozoites was determined during a 60-min incubation period at 30°C. Phagocytosis was quantified by use of previously described calculations (6) . The number of internalized beads was the difference between the number of beads bound to trophozoites in the presence of sodium azide and the number internalized and bound in PBS. Heat-killed yeasts or bacteria (0.3 ml) were added to a suspension of trophozoites (2.7 ml) of Acanthamoeba spp. (2 ϫ 10 6 /ml) in 50-ml flasks. The final concentration of yeasts or bacteria in suspension was 2 ϫ 10 7 /ml. Phagocytosis assays with yeasts or bacteria were conducted in shake cultures at 150 rpm for up to 60 min at 30°C. Internalization of the particles was also determined from direct microscopic counts in representative tests.
Survival of trophozoites in solutions with various concentrations of biguanides. CHX (Sigma) and PHMB (SoftSwim; Bio-lab Inc., Decatur, Ga.) were prepared in distilled H 2 O and stored in the dark at 22°C. Suspensions of trophozoites in PBS (4 ϫ 10 6 /ml in 0.5 ml) were inoculated into solutions of CHX or PHMB (0. ) cells were suspended in 1.0-ml suspensions of 5 g of PHMB per ml, 50 g of PHMB per ml, 5 g of CHX per ml, or 50 g of CHX per ml for 20 h in microcentrifuge tubes at 22°C. Suspensions were harvested by centrifugation at 4,000 rpm (Beckman Microfuge Lite), and the treated pellet was suspended in 1 ml of 0.9% NaCl. The level of phagocytosis of these treated particles (0.3 ml) by trophozoites (2 ϫ 10 6 /ml in 2.7 ml) was compared with the level of phagocytosis of particles from solutions of the two concentrations of biocides by FCM.
Effects of biocides and particles on growth of amoebae. YG beads (final concentration, 2 ϫ 10 7 /ml) were inoculated in 75 ml of PYG containing trophozoites of Acanthamoeba spp. (2 ϫ 10 5 /ml) and 5 or 50 g of PHMB per ml and 50 g of CHX per ml. The cultures were incubated at 30°C with shaking at 135 rpm for 40 h. Periodically, 100 l was taken from the cultures and added to 200 l of 0.3% methylene blue solution in a 1.5-ml microcentrifuge tube. The number of viable amoebae was determined by microscopic examination of the amoebae (methylene blue exclusion) in a counting chamber (55) .
ber of yeast per amoeba remained essentially constant during incubation times of 10 to 60 min, but the percentage of trophozoites of A. castellanii (60 to 70%) and A. polyphaga (90 to 96%) with internalized yeasts was highest after 60 min of incubation (Table 1) . Approximately 35% of the trophozoites of both species of amoeba showed some internalized bacteria within 60 min, but the numbers per amoeba could not be determined accurately because of engulfment of clumps of bacteria followed by their rapid digestion.
Survival of trophozoites in various concentrations of biguanides without particles. The numbers of viable trophozoites of A. castellanii and A. polyphaga decreased with exposure to increasing concentrations of the biguanides and generally with increased times of exposure ( Table 2) . Trophozoites of A. polyphaga tended to be more resistant than those of A. castellanii to both biguanides. As determined by staining with Ox, exposures to the biguanides with time, particularly at concentrations of 50 and 100 g/ml, suggested that CHX was the more effective antimicrobial. FCM histogram plots of the shift in the fluorescence intensities of the trophozoites (stained with PI and Ox) after exposure to the biguanides are shown in Fig.  1 and 2 . The results of FCM analyses with PI and Ox staining were in general agreement, but staining with PI indicated that more trophozoites were viable after exposure to both biguanides than staining with Ox. Staining with Ox indicated 7% viability after 2 h of exposure to 50 g of PHMB per ml, whereas staining with PI indicated 22% viability.
Effects of biguanide-treated particles on phagocytosis. The effects of PHMB-and CHX-treated particles and solutions of these biguanides on phagocytosis of particles by A. castellanii are indicated in Table 3 . The trophozoites exposed to the treated particles encounter only traces of bound biguanide compared to the concentrations encountered during phagocytosis in the solutions. About 30% of the trophozoites internalized untreated latex beads, whereas only about 5 to 6% of the trophozoites internalized beads treated with PHMB and CHX. Phagocytosis of treated and treated yeasts was reduced by 6 to 30%. In contrast, phagocytosis of treated E. coli appeared to be enhanced by low levels of PHMB but appeared to be inhibited by CHX (Table 3) .
When untreated latex beads and trophozoites were simultaneously introduced into solutions of both biguanides, the incidence of trophozoite phagocytosis of latex beads was not reduced as markedly as it was with the treated beads. The incidence of phagocytosis decreased in instances in which trophozoites were introduced in biguanide solutions (particularly CHX) containing untreated yeasts and bacteria (Table 3) .
Additional FCM analyses of trophozoite viability after phagocytosis of treated particles in PBS supported the earlier results that CHX has a greater inhibitory effect than PHMB (Fig. 3) . Less than 10% of the trophozoites were viable after phagocytosis of yeasts and bacteria treated with 50 g of CHX per ml, whereas 40% were viable after phagocytosis of yeasts and bacteria treated with PHMB (Fig. 3) .
Survival of trophozoites in the presence of biguanides and YG beads. Because CHX at 50 g/ml was more inhibitory than PHMB to phagocytosis and because 50 g of CHX per ml in PYG was biocidal after 6 to 18 h (data not given), we examined the survival of trophozoites in PYG broth containing PHMB with and without beads (Fig. 3) . In contrast to the PYG control, growth did not occur over a 40-h incubation period in the presence of either 5 or 50 g of PHMB per ml, and 50 g/ml was biocidal between 15 and 20 h (data not shown). No mature cysts developed in the growth medium in the presence of PHMB. Trophozoites of A. castellanii but not trophozoites of A. polyphaga appeared to be more susceptible to 5 g of PHMB per ml in the presence of beads than without beads (Fig. 4) .
DISCUSSION
Acanthamoeba spp. bound and internalized more yeasts (and, seemingly, more bacteria) than latex beads. These ob- Contrasting susceptibility data in the literature may be related in part to life cycle variances as well as differences in the fragilities of cysts and trophozoites used in separate experiments (9, 29) . Such factors were probably also involved in deviations in the response of our inocula to increased concentrations of biguanides. We used separate inoculum preparations in our experiments.
In our comparative susceptibility studies, we used log-phase cells composed of at least 90% viable trophozoites and cultures with similar susceptibilities to CHX. The biocidal activity of PHMB was enhanced in the presence of particles. After 20 h of incubation, 50% of the A. castellanii trophozoites in a solution of 5 g of PHMB per ml were viable, whereas when YG beads were present, only 25% of the trophozoites survived. The concentrations of PHMB bound to treated particles were substantially less than the concentrations available to trophozoites in the solutions of PHMB; nevertheless, the incidence of phagocytosis of treated versus untreated particles was reduced.
The increased amoebicidal activity of PHMB in the presence of particles may be related to an alteration of the cytoplasmic membrane. During phagocytosis by amoebae, the attachment of a particle to the surface of the cell initiates and apparently stimulates a complex series of events in which the plasma membrane with the attached particle invaginates or the cell flows outward and surrounds the particle (57). Avery et al. (5) reported that unsaturation of membrane lipids of A. castellanii following chilling of late-exponential-phase or early-stationaryphase cells coincides with increases in phagocytosis, suggesting that the fluidity of the membrane dictates phagocytic activity. Particle-induced phagocytosis probably involves increased levels of uptake of a solution and the potential accumulation of an inhibitor to an injurious level. The decline in the level of phagocytosis and the viabilities of the trophozoites of A. castellanii exposed to sublethal concentrations of PHMB may reflect this hypothesis. An enhanced biocidal activity of CHX for trophozoites during phagocytosis of particles, particularly yeasts, by trophozoites was not as evident as the enhanced biocidal activity observed for PHMB, possibly because the greater susceptibility of trophozoites to CHX masked the effect. Alternatively, PHMB bound at low concentrations to the yeast cell wall was partially neutralized. Our study suggests that CHX is more inhibitory to phagocytosis by Acanthamoeba than equivalent concentrations of PHMB. Furthermore, trophozoites of A. castellanii and A. polyphaga actively internalizing particles are more susceptible to CHX and PHMB than trophozoites in solutions of these compounds without particles. The presence of particle contaminants in PHMB multipurpose solutions in lens cases with the resultant enhanced uptake of PHMB may help explain, in part, the apparent subsidence of amoebic keratitis in recent years.
